The potential synergism and benefit of combined hyperthermia and radiation for cancer treatment is well established, but has yet to be optimized clinically. Specifically, the delivery of heat via external arrays /applicators or interstitial antennas has not demonstrated the spatial precision or specificity necessary to achieve appropriate a highly positive therapeutic ratio. Recently, antibody directed and possibly even non-antibody directed iron oxide nanoparticle hyperthermia has shown significant promise as a tumor treatment modality. Our studies are designed to determine the effects (safety and efficacy) of iron oxide nanoparticle hyperthermia and external beam radiation in a murine breast cancer model. Methods: MTG-B murine breast cancer cells (1 x 10 6 ) were implanted subcutaneous in 7 week-old female C3H/HeJ mice and grown to a treatment size of 150 mm 3 +/-50 mm 3 . Tumors were then injected locally with iron oxide nanoparticles and heated via an alternating magnetic field (AMF) generator operated at approximately 160 kHz and 400 -550 Oe. Tumor growth was monitored daily using standard 3-D caliper measurement technique and formula. specific Mouse tumors were heated using a cooled, 36 mm diameter square copper tube induction coil which provided optimal heating in a 1 cm wide region in the center of the coil. Double dextran coated 80 nm iron oxide nanoparticles (Triton Biosystems) were used in all studies. Intra-tumor, peri-tumor and rectal (core body) temperatures were continually measured throughout the treatment period. Results: Preliminary in vivo nanoparticle-AMF hyperthermia (167 KHz and 400 or 550 Oe) studies demonstrated dose responsive cytotoxicity which enhanced the effects of external beam radiation. AMF associated eddy currents resulted in nonspecific temperature increases in exposed tissues which did not contain nanoparticles, however these effects were minor and not injurious to the mice. These studies also suggest that iron oxide nanoparticle hyperthermia is more effective than nonnanoparticle tumor heating techniques when similar thermal doses are applied. Initial electron and light microscopy studies of iron oxide nanoparticle and AMF exposed tumor cells show a rapid uptake of particles and acute cytotoxicity following AMF exposure.
not met with the type of success that experimental studies and many knowledgeable and experienced scientists believe possible. While the general complication of tissue overheating are reasonably well understood, the effectiveness and safety of specific thermal doses (therapeutic ratio) in various clinical settings is not documented. Although significant gains have been made in the past 20 years, hyperthermia techniques including radiofrequency, microwave, laser and ultrasound lack the tumor treatment selectivity which can be seen with radiation and chemotherapy. Similarly, although considerable progress has been made in the development of hyperthermia treatment planning systems, the ability to significantly improve the hyperthermia therapeutic ratio has not yet materialized. Specifically, it is the inability to obtain homogeneous and precise high intra-tumoral temperatures, while limiting such temperatures to the surrounding normal tissues, that restricts clinical effectiveness and raises safety concerns.
Intratumoral iron oxide nanoparticle thermotherapy represents a recent development in the area of clinical cancer hyperthermia. In this technique, externally delivered alternating magnetic field (AMF) energy is coupled magnetically to iron or iron oxide super-paramagnetic or ferromagnetic nanoparticles to create a localized heating effect. Typically the particles being studied have a core diameter of generally less that 100 nm. Particle suspensions are injected directly into the target region (tumor) and subsequently heated via the previously mentioned externally applied AC magnetic field. In contrast to E-field dominant systems used in regional hyperthermia, boundaries of different conductive tissues do not interfere with power absorption in the field containing particles. In vitro experiments with such particles have confirmed the excellent power absorption characteristics present with a heating element present in large number and/or with a large surface area. Although nanoparticle hyperthermia cancer therapy has many variables to consider, particle composition, coating and size remain key determinants in heating efficacy. Finally, the local and/or intravenous delivery of conjugated tumor specific antibodies and iron / iron oxide particles should be able to provide a new dimension (selective particle uptake by individual cells / intracellular hyperthermia) in the nanoparticle hyperthermia cancer treatment. Although theoretically attractive, the potential usefulness and enhanced efficacy of radiation and nanoparticle hyperthermia remains largely unstudied.
MATERIALS AND METHODS: Animal and Tumor Model:
Sixty female C3H/HeJ mice (Jackson Labs, Bar Harbor, ME) were used in this study. Animal care was performed in accordance with all federal and institutional guidelines. Animals received food and water ad libitum. Body weight was monitored three times per week. Tumors were induced by subcutaneous implantation of 1x10 6 MTG-B mouse mammary carcinoma cells into the shaved right flank of 7 week-old, 18-22 gram mice. Implantation was carried out under anesthesia following intraperitoneal injection of ketamine (100 mg/ kg) and xylazine (5 mg/kg). Tumors were measured daily in three orthogonal directions (d 1 , d 2 , d 3 ), data which was used to calculate tumor volume (π⋅d 1 ⋅d 2 ⋅d 3 /6). Mice were assigned to random groups once the tumor volume reached a size of 150 mm 3 +/-25 mm 3 .
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Tumor Irradiation: Radiation-treated mice were anesthetized with ketamine/xylazine (100/5 mg/kg) and placed in a laterally recumbent position. A single dose of 15 Gy was delivered in a 1 cm field to tumor location on the animals' right flank, using 6 MeV electrons at an SSD of 100 cm delivered via a Varian 2100C linear accelerator. The radiation dose represented a maximum depth dose of approximately 15 mm which is sufficient to extend to the depth of the implanted tumors. The chosen radiation field covered the entire tumor site and a 2 -3 mm peri-tumor region. The peri-tumor region was assumed to be to be devoid of tumor cells at the time of treatment.
Nanoparticle Hyperthermia Treatment Procedure:
Tumors were injected with a single dose of 80 nm iron oxide particles in the central region of the tumor. The dose was calculated according to tumor size using the following formula: 0.005 mg iron/mm3 tumor at a particle concentration of 33 mg/ml for the 80 nm particles used. 
AMF Exposure and Thermal Dose Delivery:
AMF exposure (166 KHz at 400 or 550 Oe) of the mice was performed using a Huttinger TIG 10/300 generator (Huttinger, Freiburg, Germany) and a Fluxtrol Inc. water cooled coil (Fluxtrol Inc, Auburn Hills, MI) ten minutes following nanoparticle injection and 30 minutes post irradiation (when radiation was used). Under general anesthesia, with temperature monitoring probes in place, the mouse was placed inside a 50 ml conical tube and inserted into the circular AMF coil (Figure 4) . Although the entire mouse receives field exposure, the tumor is positioned in a 1.5 cm central region of the coil. Comparatively, this region receives the most uniform field exposure. Temperatures were recorded in all three probes at one-second intervals throughout the experimental period (pre-heat, heat and post-heat) and graphed in real-time via software supplied by the temperature monitoring system FISO ( Figure 5 ). 
Treatment Parameters and Experimental Groups:
Animals were randomly allocated to five different groups. Five mice were included in each group. Treatments were carried out under ketamine and xylazine anesthesia (as described previously) when a tumor volume reached 150 mm 3 +/-50 mm 3 . AMF treatment consisted of thermocouple implantation, a pre-treatment heating ramp-up period (29.0 -41.5°C) which typically ranged from 3-9 minutes and a 10 minute treatment period (noted as initiated when the tumor reached 41.5°C). The length of treatment was dependant on the AMF strength and nanoparticle parameters. Pretreatment core/rectal, peri-tumor and tumor temperatures averaged 32ºC, 28ºC and 27 ºC, respectively. Although the situation did not occur in these experiments, study guidelines called for immediate stoppage of AMF exposure if temperatures of 41.5º or 55º C were achieved in the rectum/core or tumor respectively.
Study arms:
1. 15 Gy only (single dose, no particles) 2. Particles + AMF at 400 Oe (10 min incubation in tumor) 3. Particles + AMF at 550 Oe (10 min incubation in tumor) 4. 15 Gy + particles + AMF at 400 Oe (30 minutes between radiation and heat, 10 min particle incubation in tumor) 5. 15 Gy + particles + AMF at 550 Oe (30 minutes between radiation and heat, 10 min particle incubation in tumor)
Statistical Analysis:
Due to the ongoing nature of these studies, statistical determination of variance between groups has not been performed. At the conclusion of the study such calculations will be performed using a one-way analysis of variance (ANOVA).
RESULTS: In Vitro Studies:
In preparation to the in vivo studies described here a number of in vitro assays were performed to determine the relative cytotoxic association of naoparticle heating and radiation. Briefly 1.3 x 10 5 MTG-B cells were harvested and mixed with the iron oxide particles at concentrations of 0, 1 and 5mg/ml in a final volume of 0.3 ml. Cells were then exposed to radiation (2 Gy, single dose) and/or a 400 Oe AMF for 15 mins. Treatment groups requiring radiation were treated on a J.L. Shepherd 137-Cs irradiator at a dose rate of 1 Gy/min prior to being treated with the AMF. After treatment, the cells were diluted and plated to determine the survival fraction based on clonogenic survival. Results were normalized against the survival fraction determined for the control group (0mg/ml, 0Gy). Results demonstrated increased cytotoxicity with increasing field strength, particle concentration and AMF exposure time. Iron oxide nanoparticle hyperthermia contributed an apparent additive cytotoxic effect to the radiation treatment. 
Days following Treatment
In Vivo Studies: Although our in vivo studies are ongoing, preliminary information suggests iron oxide nanoparticle hyperthermia has the potential to be an effective and safe cancer treatment modality, with a potentially high therapeutic ratio and radiation enhancement (Figure 6) . A nominal radiation dose of 15 Gy delayed tumor regrowth approximately 2 days (as compared to no treatment). A 400 Oe AMF -nanoparticle treatment resulted in no significant regrowth delay whereas the 550 Oe group achieved a delay of approximately 9 days. Radiation treatment (15 Gy) enhanced regrowth delay in the 400 and 550 Oe groups by 2 and 15 days, respectively, suggesting a heating threshold is necessary to achieve a therapeutic advantage from the heat-radiation combination.
Although eddy currents from the AMF field to can result in core body temperature increases, depending on frequency and field strength, our studies show that whole mouse AMF exposure at 160 KHz and 400 or 550 Oe, for a 20 minutes (heat-up and protocol heating), is safe.
Figure 6
This tumor regrowth delay curve, Figure 6 , compares the relative treatment efficacy of radiation (15 Gy) Initial light microscopic studies of treated tumors at the time of regrowth, demonstrates two general morphologies. Some regrowth tumors contain significant necrosis with a viable tumor and fibrotic rim. Others have virtually no necrosis, consisting largely of only viable tumor and supporting stroma. Virtually all regrowth tumors contain a significant region of peri-tumoral edema and numerous iron pigment containing macrophages (Figures 7a, 7b) . The peri-tumoral iron containing macrophages suggest iron from necrotic tumor cells makes its way out of the tumor to residing peri-tumoral scavenger cells.
Figure 7a
Figure 7b 
DISCUSSION:
In these preliminary studies we have shown that local hyperthermia, using AMF activated magnetic nanoparticles, alone and combined with radiation, results in significant local tumor treatment efficacy (mouse breast cancer model) at an AMF level that does not result in systemic thermal morbidity. These studies demonstrated a positive correlation between tumor thermal dose and tumor regrowth delay. Although field strength and heating time also correlate with increases in core temperature, the relationship is less direct suggesting nanoparticle hyperthermia alone may have a therapeutic ratio that is greater (more effective) than non-particle tumor heating techniques such as microwave, ultrasound and water bath, when similar thermal doses are applied. Although it is too early to judge quantitatively, our data also suggest nanoparticle hyperthermia and ionizing radiation are an effective tumor treatment combination that also has the potential for improving the therapeutic ratio of conventional radiation tumor treatment.
